[1] An internally consistent thermodynamic database for pure iron has been established to pressures (P) up to 360 GPa and temperatures (T) up to 7000 K from existing static experimental data and thermochemical measurements. The database includes body-centered cubic (BCC) phases (a or d phase), the face-centered cubic (FCC) phase (g phase), the hexagonal close-packed (HCP) phase (e phase), and the liquid phase. We describe fundamental thermodynamic relations as the Gibbs free energy divided into thermochemical and thermophysical terms. The thermochemical data were evaluated from existing metallurgy databases together with experimentally determined phase relations. The thermophysical term is obtained from the pressure-volume-temperature equations of state (EoS) for the phases. We constructed an EoS of the FCC phase from our recent internally-heated diamond anvil cell (DAC) experimental data and assessed the EoS of the liquid phase from existing laser-heated DAC experiments together with density data at P = 1 bar, 0.2 GPa, and along the Hugoniot. The HCP-FCC-liquid triple point is located at P = 90 GPa and T = 2800 K. The calculated melting temperature of HCP iron at the inner core boundary (P = 330 GPa) is 4900 K and the density change at melting is À1.2%. The core density deficits at the inner core boundary are 8.1 wt.% and 5.3 wt.% for the liquid outer core and solid inner core, respectively. The calculated melting temperature is much lower than that from dynamic shock wave experiments, suggesting that the HCP structure may not be stable in the inner core. We included a hypothetical high-pressure BCC phase which could be stabilized above 220 GPa by a solid-solid transition of high-P BCC-HCP phases. This hypothetical BCC phase should have a large entropy to give a high melting temperature in order to reconcile the existing discrepancies between the static and shock wave experimental studies.
Introduction
[2] Iron is the primary component of the Earth's core. Its phase relations have been a focus of researches for the last 50 years [e.g., Li and Fei, 2007, and references therein] . However, consensus on the phase relations of iron is limited to a narrow low-P and low-T range which is far from the Earth's core conditions (P = 135 -364 GPa, T = 4000 -7000 K). Figure 1 is a summary of previous experimental and theoretical interpretations of the iron phase diagram. At approximately P = 10 GPa and T = 800 K, there is a triple point (TP-1) of a (magnetic body-centered cubic, BCC), g (face-centered cubic, FCC), and e (hexagonal closepacked, HCP) phases. From this TP-1 toward the high-P-T region, the FCC-HCP boundary divides the stability fields of FCC and HCP iron. The location of the FCC-HCP boundary has been controversial among static experimental studies using a laser-heated diamond anvil cell (DAC). The issues include (1) the P-T slope which determines the P-T location of a second triple point (TP-2) of FCC, HCP, and liquid phases [Boehler, 1993; Shen et al., 1998; Ma et al., 2004] and (2) the presence or absence of a b phase with either a double hexagonal close-packed (DHCP) or an orthorhombic structure as a high-temperature phase above T = 1200 K and P = 30 GPa [Saxena et al., 1995; Yoo et al., 1995; Andrault et al., 1997; Shen et al., 1998; Kubo et al., 2003] . Very recently, we revisited this transition by using a newly developed internally resistive heated DAC together with an angle-dispersive high resolution X-ray diffraction method [Komabayashi et al., 2009] . We did not observe any evidence for the b phase along the FCC-HCP boundary. The precisely determined P-T location of the TP-2 is at P = 88 GPa and T = 2800 K which is in general agreement with the result of Boehler [1993] .
[3] There has also been a lack of consensus among the existing studies regarding the melting curve of iron at high pressure which provides a constraint on the temperature at the liquid outer core -solid inner core boundary (ICB) at P = 330 GPa. Boehler [1993] reported a melting temperature of 3800 K at P = 200 GPa by static experiments. An extension of Boehler's [1993] melting curve yielded 5100 K at the ICB. In contrast, shock wave experiments by Brown and McQueen [1986] showed much higher melting temperatures (5500 K at P = 243 GPa). Another shock wave study which measured temperature directly also indicated high melting temperatures (6350 K at 235 GPa and 6720 K at 300 GPa) [Yoo et al., 1993] . Yoo et al.'s [1993] results would yield a melting temperature of 6830 K at the ICB. Nguyen and Holmes [2004] reported somewhat lower melting temperature than those previous shock wave studies. A theoretical study of the melting curves of iron phases based on the embedded atom method [Belonoshko and Ahuja, 1997] resulted in a melting curve for the HCP phase in reasonable agreement with the shock wave data. From first-principles calculations, Alfè et al. [1999] and Belonoshko et al. [2000] showed that the calculated melting curve is more consistent with the shock wave data [Brown and McQueen, 1986; Yoo et al., 1993] whereas Laio et al. [2000] reported a melting curve that is consistent with the static DAC data [Boehler, 1993] (Figure 1 ). On the other hand, O. L. Anderson and his coworkers took a thermodynamic approach to this problem (see Anderson [1995] for review). Anderson and Isaak [2000] calculated the melting curve of the HCP phase, on the basis of the Gilvarry rule [Gilvarry, 1956] . They synthesized a plausible physical model from available physical parameters for iron melting. The calculated melting temperature at P = 330 GPa was about 5800 K and they concluded that the melting behavior of the HCP iron is consistent with the shock wave data [Brown and McQueen, 1986] and not with the static laserheated DAC data [Boehler, 1993] .
[4] In order to reconcile the discrepancy in the melting temperature, another high-pressure phase with a BCC structure was proposed as a high-temperature phase of the HCP phase [Ross et al., 1990; Yoo et al., 1993] . In addition, a high-pressure BCC-HCP transition may be responsible for the solid-solid transition observed by Brown and McQueen [1986] at P = 200 GPa and T = 4400 K [Bassett and Weathers, 1990] . These arguments suggested that the inner core could be made of the high-pressure BCC phase. Since then, the stability of high-pressure BCC phase has been investigated only by theoretical calculations because expected P-T conditions are too extreme at present for static experiments [Sherman, 1994; Stixrude et al., 1994; Stixrude and Cohen, 1995; Soderlind et al., 1996; Matsui and Anderson, 1997; Vočadlo et al., 2000; Belonoshko et al., 2003; Vočadlo et al., 2003] , but the stability of the highpressure BCC phase is still an open question. A recent shock wave study did not observe the solid-solid transition before melting [Nguyen and Holmes, 2004] . Hemley and Figure 1 . Summary of previous studies on the phase relations of pure iron. Solid lines and broken lines are experimentally and theoretically constrained boundaries, respectively. W, Williams et al. [1987] ; S, Shen et al. [1998] ; Boe, Boehler et al. [1990] and Boehler [1993] ; SD, Saxena and Dubrovinsky [2000] ; K, Komabayashi et al. [2009] ; A, Alfè et al. [1999] ; L, Laio et al. [2000] ; M (FCC-HCP transition), Mikhaylushkin et al. [2007] ; Bel (red) (HCP melting), Belonoshko et al. [2000] ; Bel (blue) (high-P BCC-HCP transition), Belonoshko et al. [2003] . The black and grey solid symbols are melting point and solidsolid transition, respectively, observed in the shock wave experiments. BM, Brown and McQueen [1986] ; Y, Yoo et al. [1993] ; N, Nguyen and Holmes [2004] . BCC, body-centered cubic phase; FCC, face-centered cubic phase; HCP, hexagonal close-packed phase; DHCP, double HCP phase.
Mao [2001] proposed the melting temperature of the HCP phase will rise from the TP-2 to meet the shock wave data without introducing any other high-pressure phase. Very recently, however, from static in situ X-ray diffraction measurements in DAC experiments, Dubrovinsky et al. [2007] showed that a high-pressure BCC phase was stable in the Fe 0.9 Ni 0.1 composition above P = 225 GPa and T = 3400 K.
[5] Recently, Mikhaylushkin et al. [2007] shed light on the stability of the FCC phase at high pressures from the first-principles calculations. They showed that the FCC-HCP transition above P = 100 GPa will be parallel to the melting curve, and the FCC phase may be stable in the inner core. They also conducted temperature-quenched laserheated DAC experiments on pure iron above T = 3700 K at P = 160 GPa and showed the presence of a mixture of FCC + HCP phases in the temperature-quenched sample.
[6] In short, the structures of HCP, FCC, and BCC are all possible candidates in the Earth's inner core. Moreover, the estimate of the melting temperature of pure iron at the ICB varies widely from 5100 to 7100 K.
[7] One approach to resolve these issues is to construct a thermodynamic model and calculate the phase stability fields. An important point in constructing a database is that the calculated phase diagram should be consistent with the molar volume data for each phase. Reliable pressurevolume-temperature (P-V-T) equations of state (EoS) for iron phases are necessary for calculating a consistent phase diagram. In addition, such precise EoS are critical for estimating the amount of lighter element(s) in the core by comparison with the observed density profile (e.g., Preliminary Reference Earth Model (PREM) [Dziewonski and Anderson, 1981] ). However, EoS for high-pressure iron phases have been a matter of debate. In particular, the unit-cell volume of the FCC phase is difficult to measure because the FCC phase is only stable at high temperature. Furthermore, the liquid volume is critically important for geophysical discussions, but is one of the least constrained parameters.
[8] In the present study, we report new P-V-T data of the FCC phase and develop an internally consistent thermodynamic database for pure iron phases from available thermochemical and static experimental data which include phase relations and P-V-T data. We have assessed the EoS for the liquid phase from the static melting data and the available density data including the Hugoniot, and we include a new calculation of the FCC melting curve. It may be hard to constrain this melting curve using first-principles calculations because of the difficulty of dealing with the magnetic effect on the energy [e.g., Belonoshko and Ahuja, 1997; Mikhaylushkin et al., 2007] . In addition, conventional shock wave experiments cannot address FCC melting because the Hugoniot path does not go through this P-T region.
[9] There are existing thermodynamic data sets for pure iron based on the static experimental data [Wood, 1993; Saxena and Dubrovinsky, 1998 ]. These focused primarily on the calculation of phase relations (i.e., on the energy difference between phases) rather than on the integration of thermochemical and thermophysical measurements. In particular, the molar volume of the phases at high pressures was not accurately calculated in those data sets. The contribution of the volumetric term to the free energy becomes critical with increasing pressure, particularly at the Earth's core conditions. We formulated the P-V-T EoS of phases using the Anderson-Grüneisen parameter (d T ) which can reliably extrapolate the thermal expansion beyond the static experimental ranges.
[10] Our study provides a comprehensive database that can be used to calculate the phase relations of iron to P = 360 GPa and T = 7000 K and addresses the issues discussed above. This database for pure iron can also serve as a reference for the development of thermodynamic models for light-element bearing iron systems.
Thermodynamics
[11] We calculate phase equilibrium relations based on Gibbs free energy minimization. The equilibrium of a reaction is defined by
where DG r is the free energy change of the reaction, DH°2 98r and DS°2 98r are enthalpy and entropy changes of the reaction at a reference P-T condition, respectively, DCp°r is the change of heat capacity of the reaction, DV r is the molar volume change of the reaction at a temperature of interest, P 0 is the reference pressure, P is the pressure of interest, T 0 is the reference temperature, and T is the temperature of interest. The reference P-T condition in the present study is P = 1 bar and T = 298.15 K. Note that the subscript 298 which appears in parameters listed above is an abbreviation for the standard temperature of 298.15 K; this abbreviation will be used throughout this study.
[12] The change of each parameter in the reaction is calculated from D f H°2 98 , the standard enthalpy of formation from the element; S°2 98 , the standard entropy; Cp°, the heat capacity; and V 0 , the molar volume under reference P-T conditions for each of the phases included in the reaction.
[13] Heat capacity is expressed by a polynomial function as
The volumetric terms are calculated from the P-V-T EoS of the phase. In this study, the room-temperature volume is expressed by a third-order Birch-Murnaghan EoS as
where P 298 , K 0 , and K 0 are a pressure at T = 298.15 K, an isothermal bulk modulus, and its pressure derivative at T = 298.15 K and P = 1 bar, respectively.
[14] With the exception of the HCP phase, the thermal expansion at high pressures of all phases is evaluated by using the Anderson-Grüneisen parameter, d T [Anderson et al., 1992] .
where h V/V 0 , d 0 is the value of d T at P = 1 bar and k is the dimensionless thermoelastic parameter. This equation gives
where a 0 is the thermal expansivity at the reference pressure. Following Wood [1993] , the values of d 0 and k are set at 6.5 and 1.4, respectively, for the FCC and BCC phases.
[15] For the HCP phase, the EoS is taken from Dewaele et al. [2006] which is formulated in the Mie-Grüneisen-Debye relation. As mentioned below, the thermodynamic data set is developed based on our new experimental data on the FCC-HCP transition boundary where the pressure was determined from this EoS [Komabayashi et al., 2009] .
[16] According to Sundman [1991] , the magnetic contribution to the free energy (G m ) for the BCC phase is described as
where R is the gas constant, b is the Bohr magneton number which is 2.22 for the BCC phase, t is defined as T/T c , and T c is temperature of the magnetic transition which is 1043 K for the BCC phase.
[17] For t < 1,
and for t > 1,
where A = (518/1125) + (11692/15975)((1/p) À 1) and p is a structural parameter which is 0.4 for the BCC phase [Sundman, 1991] .
Data Assessment
[18] The optimized thermophysical and thermochemical parameters for all the iron phases are listed in Tables 2 and 3 . We started with thermochemical data for the BCC, FCC, and liquid phases extracted from metallurgy database [Sundman, 1991; Saxena and Dubrovinsky, 1998 ]. We first evaluated the thermodynamic data for the FCC and HCP phases using the FCC-HCP transition boundary determined in an internally-heated diamond anvil cell experiment with an in situ X-ray diffraction method [Komabayashi et al., 2009] . In this experiment, we observed cooccurrence of the FCC and HCP phases because of the sluggish kinetics, but the boundary is tightly constrained by back and forth transformations between HCP and FCC phases. We obtained P-V-T data of the FCC phase up to P = 69 GPa and T = 2400 K (Table 1) where the pressures were determined from the thermal EoS of the HCP phase [Dewaele et al., 2006] . We adopted the 298-K EoS of the FCC phase . The optimized parameters are listed in Table 2 , and the calculated isothermal compression curves are shown in Figure 2 .
[19] For the HCP phase, the EoS is from Dewaele et al. [2006] . Thermochemistry for this phase is not available since this phase is not quenchable to the ambient condition. We assume that Cp°for the HCP phase at P = 1 bar is identical to Cp°for the FCC phase up to T = 7000 K based on their similar Debye temperature (335 K for the FCC phase [Zarestky and Stassis, 1987] and 417 K for the HCP phase [Dewaele et al., 2006] ). A calculation of Cp°for the HCP phase from the Dewaele et al. 's [2006] EoS up to T = 900 K differed less than 2% from Cp°values for the FCC phase, supporting our assumption. The D f H°2 98 and S°2 98 were evaluated from the P-T locations of the FCC-HCP boundary, with values of 5945 J mol À1 and 32.4 J mol
, respectively. (Table 3) [20] For the liquid phase, thermochemical parameters were taken from metallurgy data. The volume-temperature relationship at P = 1 bar is taken from Anderson and Ahrens [1994] . The volume at the ambient pressure melting temperature (T = 1811 K) and thermal expansivity were fixed at 7.957 cm 3 mol À1 and 9.20 Â 10 À5 K
À1
, respectively. The remaining EoS parameters were estimated from the experimentally determined FCC and HCP melting curves up to P = 200 GPa [Shen et al., 1998; Boehler et al., 1990; Boehler, 1993] . The K 0 , K 0 , and d 0 were determined to be 124 GPa, 5.77, and 5.22, respectively, with k fixed at 1.4. The density of the liquid phase and its effect on iron melting curves will be discussed in more detail below.
[21] For the low-pressure BCC phase, thermochemistry including a magnetic contribution is from the metallurgy data [Sundman, 1991; Saxena and Dubrovinsky, 1998 ]. The EoS was assessed from the literature [Guinan and Beshers, 1968; Boehler and Ramakrishnan, 1980] . Note that BCC phase EoS parameters were previously reported in terms of Mie-Grüneisen theory [Boehler and Ramakrishnan, 1980] . Figure 2 . Calculated isothermal compression curves of the FCC phase at T = 300 K and 1000 to 4000 K with 500 K intervals. Symbols are from recent internally-heated DAC experiments [Komabayashi et al., 2009] . Numbers attached to the symbols are the experimental temperatures. Fitted parameters are listed in Table 2 . For all the phases except for HCP iron, the parameters were assessed by Saxena and Dubrovinsky [1998] .
c For HCP iron, standard enthalpy of formation and standard entropy were assessed in this study. Heat capacity was assumed to be same as FCC iron.
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In this study, however, the EoS was reformulated in the Anderson-Grüneisen relations for simplicity. In addition, a single EoS was used for both low-T magnetic BCC (a phase) and high-T non-magnetic BCC phase (d phase). Nonmagnetic phases are likely to have different physical parameters due to the different spin state. However, this is not significant for stability calculations over a narrow P-T range (to P = 5 GPa and T = 2000 K).
Results and Discussion

FCC-HCP Transition Boundary
[22] Figure 3 shows the calculated FCC-HCP boundary to the inner core boundary pressure (P = 330 GPa) together with the melting curve constrained by the static laser-heated DAC data (the thick grey dashed line). The plotted uncertainty in the position of the boundary reflects the uncertainty in the EoS of the FCC phase ( Table 2 ). The HCP-FCCliquid triple point (TP-2) is located at P = 90 GPa and T = 2800 K. Our calculations constrain the extent of the curvature of the FCC-HCP transition boundary in the melt stability field from P = 100 to 150 GPa. At higher pressure, the boundary is almost parallel to the static experimental data of HCP-liquid curve. This curvature is due to the difference in the thermoelastic parameters between the HCP and FCC phases. The best-fit FCC-HCP transition boundary remains above the melting curve beyond the FCC-HCP-liquid triple point (TP-2), implying that the HCP phase is stable below the melting temperatures constrained by static laser-heated DAC data over the entire core pressure range (Figure 3 ). Above P = 150 GPa, our calculated FCC-HCP boundary is in good agreement with recent theoretical calculations by Mikhaylushkin et al. [2007] . Mikhaylushkin et al. [2007] also conducted temperature-quenched laser-heated DAC experiments and observed a FCC + HCP mixture in the sample quenched from T = 3700 K at P = 160 GPa. They discussed the possibility of the FCC phase being stable below the melting curve at high pressures. However, the temperatures where the FCC phase was observed in the quenched sample were above the melting curve of iron [Boehler, 1993] . In addition, our calculations show that the Gibbs free energy of the liquid phase is smaller than that of the FCC phase at all temperature up to P = 330 GPa (Figure 4) . Therefore, the FCC phase is unlikely to be stabilized below the HCP melting temperatures. It is possible that the FCC phase observed in the experiments of Mikhaylushkin et al. [2007] is quenched as a metastable phase from temperatures above the melting point. Figure 3 . Calculated FCC-HCP phase transition boundary (this study) together with the melting curve (this study) shown by the thick dashed line (taken from Figure 5 ). The grey field corresponds to the uncertainty in the location of the phase boundary due to uncertainties in the fitting of the EoS for the FCC phase. The transition boundary with the best-fitted parameters for the EoS for the FCC phase is shown as the thick solid line. Note that the best-fit curve is not necessarily at the middle of the grey range since DH°2 98r and DS°2 98r were changed according to the error in the elastic parameter. Results from firstprinciples calculations and temperature-quenched laser-heated DAC experiments by Mikhaylushkin et al. [2007] are also plotted. Above P = 150 GPa, the first-principles calculations and our thermodynamic calculations are consistent. The experiments by Mikhaylushkin et al. [2007] were made in the liquid stability field according to our calculation of the melting curve.
Iron Melting Curve
[23] The P-T location and Clayperon slope of the HCP iron melting curve are critical for estimating the temperature of the inner core boundary at P = 330 GPa. However, the P-V-T EoS for liquid iron is poorly constrained. In this section we explore the effect of the liquid EoS on the resulting melting curves of the FCC and HCP phases. Figure 5 shows the calculated phase relations for iron to P = 360 GPa with two different EoS for the liquid phase, compared with the experimental data [Brown and McQueen, 1986; Boehler et al., 1990; Yoo et al., 1993; Boehler, 1993; Shen et al., 1998; Nguyen and Holmes, 2004; Komabayashi et al., 2009] . Figure 6 shows the density of the liquid phase from each EoS at T = 5000 K and 6000 K, compared with the density profile for the Earth's core from PREM [Dziewonski and Anderson, 1981] .
[24] Anderson and Ahrens [1994] proposed an EoS for the liquid phase based on melt density data at P = 1 bar [Lucas, 1972; Drotning, 1981] , 0.2 GPa [Hixson et al., 1990] , and along the Hugoniot [Al'tshuler et al., 1958 [Al'tshuler et al., , 1962 Krupnikov et al., 1963; Marsh, 1980; Al'tshuler et al., 1981] . The calculated melting curve of FCC iron based on these data is shown in Figure 5 . The curve reaches unrealistically high temperatures at P = 100 GPa, suggesting this EoS does not accurately represent density of liquid iron at that pressure. The result indicates that the liquid density is too small at low pressures and high temperature, as shown in Figure 6 . The failure of this EoS is likely due to lack of constraints on liquid density data from P = 0.2 GPa to the Hugoniot pressures ($240 GPa). Therefore, we chose to use the phase equilibrium data to put constraints on the EoS for the liquid. Note that very few first-principles calculations were made on FCC melting due to the difficulty of dealing with the magnetic effect on FCC energy [e.g., Belonoshko and Ahuja, 1997; Mikhaylushkin et al., 2007] .
[25] To constrain the EoS of liquid iron, we used the density data at P = 1 bar [Lucas, 1972; Drotning, 1981] , 0.2 GPa [Hixson et al., 1990] , and along the Hugoniot [Brown and McQueen, 1986] , as well as the melting temperatures obtained from the laser-heated DAC experiments [Shen et al., 1998; Boehler et al., 1990; Boehler, 1993] . The calculated melting curve is shown in Figure 5 . In constructing the liquid EoS, the misfit to the Hugoniot data above P = 280 GPa and T = 6600 K is 5.0-5.2% in pressure, which we consider acceptable. Thus, we obtained the phase diagram which is consistent with the static DAC data and the Hugoniot density data. The melting temperature at P = 330 GPa is 4900 K, and the density change on melting is À1.2%.
[26] The above analysis illustrates that density data between P = 0.2 GPa and in the Hugoniot are critical to calculate the melting curve of iron. The density data in this pressure range provide a tight constraint on the FCC melting curve. Figure 3 demonstrated that the FCC-HCP transition boundary is curved at high-P-T conditions, and therefore, the FCC phase will have a wider stability than previously thought, if the FCC melting temperature is very high. The melting curve of the FCC iron up to 60 GPa has not been controversial in the static DAC experiments [Shen et al., 1998; Boehler et al., 1990] . Therefore the FCC melting temperature can be used as a critical constraint in constructing EoS for iron liquid. Thus, our fit is chosen as a primary result in this study since it reproduces the melting curve of the FCC phase. However, our fit cannot reproduce the shock wave melting points, although it is consistent with the Hugoniot density data for liquid iron. This indicates that the discrepancies between the shock wave and static data are not in the liquid density but in the equilibrium melting temperature.
[27] We superimposed the liquid density curve by at T = 6000 K in Figure 6 for comparison. The density curve of Alfè et al. [2000] is in good agreement with our curve. However, the melting temperature of the HCP phase of Alfè et al. [1999] is very high (Figure 1) . The difference in the melting temperature of the HCP phase between Alfè et al. [1999] and this study may be related to the difference in the entropy of the melting.
[28] At the melting temperature of the HCP phase of 4900 K at P = 330 GPa, we calculated the Earth's core density deficit by comparing the PREM density with the Figure 4 . Gibbs free energies of the HCP, FCC, and liquid phases relative to that of the HCP phase as a function of temperature at (a) P = 150 GPa and (b) P = 330 GPa. The Gibbs free energy of the FCC phase is always higher than that of the liquid phase. FCC, face-centered cubic phase; HCP, hexagonal close-packed phase. [1994] is based on existing density data, while that in this study is assessed from existing density data as well as melting experiments in the laser-heated DAC. The shock wave data (black, melting; grey, solidsolid reaction) are also plotted: BM, Brown and McQueen [1986] ; Y, Yoo et al. [1993] ; N, Nguyen and Holmes [2004] . BCC, body-centered cubic phase; FCC, face-centered cubic phase; HCP, hexagonal close-packed phase. Figure 6 . High-temperature isothermal density curves of the HCP and liquid phase together with the PREM density data [Dziewonski and Anderson, 1981] density of liquid (liquid outer core side) and of HCP iron (solid inner core side). The calculated core density deficits at the inner core boundary are 8.1 wt.% and 5.3 wt.% for the liquid outer core and solid inner core, respectively. The core density deficit would be smaller for higher core temperatures.
[29] Figure 7 shows the Fe phase diagram in molar volume-temperature space (i.e., using the Helmholtz free energy). The present calculations precisely describe the molar volume (density) change at each phase transition. Compared to previous estimates [Anderson and Isaak, 2000] , the volume change at the FCC-HCP transition is smaller by approximately 50 per cent in this study. This volume change was directly determined by our in situ X-ray diffraction measurements [Komabayashi et al., 2009] , providing a better constraint compared to the previous estimates.
Stability of a High-Pressure BCC Phase and Its Implications for the Earth's Core
[30] The calculated phase relations ( Figure 5 ), partly derived from static high-pressure experiments, show that the melting temperature of HCP iron at the ICB (P = 330 GPa) is 4900 K, which is much lower than the melting temperature at this pressure derived from a series of shock wave experiments [Brown and McQueen, 1986; Yoo et al., 1993; Nguyen and Holmes, 2004] . As discussed above, it is possible to reproduce the static melting data of the HCP phase using liquid density data obtained from shock wave experiments [Brown and McQueen, 1986] . Therefore, the discrepancy between the static and shock wave studies is related to the equilibrium melting temperature. Hemley and Mao [2001] suggested that if the FCC-HCP-liquid triple point (TP-2) is located at P = 60 GPa [Shen et al., 1998 ], the melting curve for the HCP phase may reach the shock wave melting temperature at P = 300 GPa. However, recent in situ measurements showed that the FCC-HCP boundary has a steeper dP/dT slope which moves the TP-2 to P = 88 GPa and T = 2800 K [Komabayashi et al., 2009] . In constructing the present phase diagram, we used experimental data of Komabayashi et al. [2009] for the FCC-HCP transition boundary which was determined by in situ X-ray diffraction measurements in the internally-heated diamond-anvil cell with pressures determined from the unit-cell volume of HCP iron based on its EoS proposed by Dewaele et al. [2006] . The boundary is also consistent with the multi-anvil experimental results by Kubo et al. [2003] who determined the boundary using MgO as the internal pressure standard. Magnesium oxide is the least controversial pressure standard to date. The calculated HCP melting curve, based on consistent EoS of iron phases and the melting curve of FCC iron, gives relatively low melting temperatures ( Figure 5 ) that cannot match the high shock wave melting temperature.
[31] An alternative explanation for the shock-wave derived high melting temperatures is the presence of another high-P-T phase (post-HCP phase) stable at pressures above 200 GPa, not covered by static high-pressure experiments. Several shock wave studies have suggested the existence of a solid-solid transition at P = 200 GPa before melting in the Hugoniot [Brown and McQueen, 1986; Brown, 2001] , although Nguyen and Holmes [2004] did not observe such a transition. According to theoretical calculations, the FCC phase may be stabilized at high pressure [Mikhaylushkin et al., 2007] , although the thermodynamic analysis of this study shows that the FCC phase is unlikely to be stabilized at high pressures (Figures 3 and 4) .
[32] Bassett and Weathers [1990] discussed the possible presence of a high-pressure BCC phase. A key issue was whether or not the metastable extension of the BCC (d phase)-FCC transition has a curvature at higher P-T regions. If it does, the BCC-FCC reaction crosses the melting curve at higher pressure, introducing a high-pressure BCC phase as a high-temperature phase of the HCP phase. If the high-pressure BCC phase is stable, high-P BCC-HCP transition can explain the solid-solid transition, and the BCC phase may have a high melting temperature. Subsequently, Stixrude and Cohen [1995] dismissed this possibility on the basis of first-principles calculations showing the energy of BCC iron would be much higher than that of the HCP and FCC solid phases at high pressures. On the other hand, Dubrovinsky et al. [2007] recently reported a high-pressure BCC iron phase with 10% Ni at P = 225 GPa and T = 3400 K, based on in situ X-ray diffraction measurements in static DAC experiments.
[33] In Figure 8 we present a Schreinemakers analysis on the topology of the Fe phase diagram, including BCC reactions, where the BCC phase is restabilized at the TP-5. Note that Figure 8 shows topological relationships only, where the detail P-T values are not significant. For this topology to be achieved, as Bassett and Weathers [1990] discussed, elastic parameters should be different between the BCC and other phases. If K 0 for the BCC phase is lower Isobars and Hugoniot path [Brown and McQueen, 1986] are shown. CMB, core-mantle boundary; ICB, inner core boundary.
than for the other phases, the metastable BCC-FCC boundary will be bending down with increasing pressure from TP-3 to TP-4. The metastable FCC-BCC transition will cross the metastable FCC-HCP transition at high pressures, to form another invariant point (TP-4). From TP-4, high-P BCC-HCP transition originates toward high pressure, stabilizing high-P BCC phase as a high-temperature phase of the HCP phase. However, the low-P BCC-melt curve also has a metastable P-T evolution. It comes in as a stable reaction when high-P BCC is stabilized at the TP-5. This BCC-melt curve has at least two turning points from the TP-3 to TP-5, which is physically unreasonable. In addition, the melting curve of the high-P BCC phase is concave downward, which is also physically unreasonable for the melting phenomenon. Thus, the scenario that the low-P BCC phase is restabilized at high pressures is abandoned on the basis of the topological arguments.
[34] Another alternative scenario was proposed by Belonoshko et al. [2003] , on the basis of first principles calculations, namely that a high-P BCC phase different from the low-P BCC phase is stabilized above P = 105 GPa and T = 3300 K. Subsequently, the EoS for this high-P BCC phase was reported [Belonoshko et al., 2008] . Comparison of the HCP phase [Dewaele et al., 2006] with the high-P BCC phase [Belonoshko et al., 2008] showed that the BCC phase's energy has a weaker temperature dependence, indicating that the BCC phase of Belonoshko et al. [2008] cannot be stabilized as the high temperature phase of the HCP iron of Dewaele et al. [2006] . Here we try to include Belonoshko et al.'s [2008] BCC phase into our database. We adopted the EoS by Belonoshko et al. [2008] for the high-P BCC phase. We assumed the thermochemical properties of the high-P BCC phase so that (1) the high-P BCC-HCP boundary is located at P = 220 GPa and T = 3900 K which is inferred in the shock wave experiments [Brown and McQueen, 1986] and (2) the melting temperature of the high-P BCC phase is close to the shock wave melting temperatures [Brown and McQueen, 1986; Yoo et al., 1993; Nguyen and Holmes, 2004] . The heat capacity at P = 1 bar for the high-P BCC phase was assumed to be the same as for the low-P BCC phase. For the D f H°2 98 and S°2 98 of the high-P BCC phase, 28 kJ mol À1 and À6 J mol À1 K À1 were added, respectively, to those of the low-P BCC phase. Thus the hypothetical high-P BCC phase has different thermodynamic properties from the low-P BCC phase. Although the inclusion of the high-P BCC may be not well justified until confirmation of such a phase, this calculation gives insightful information about high-P BCC phase stability. The results are shown in Figure 9 . The high-P BCC phase is stabilized as a high-temperature phase of the HCP phase due to larger temperature dependence of the free energy (i.e., the entropy of the BCC phase of this study is larger than that of Belonoshko et al.'s [2008] BCC phase). Depending on the entropy of the BCC phase, the melting temperature can meet the shock wave values (Figure 9 ). Note that we do not claim that Figure 9 is quantitatively correct. However, in order to reconcile the static and shock wave experimental data, a putative high-P-T iron solid Figure 8 . Schreinemakers analysis of the low-pressure BCC phase being restabilized at high pressures. From the metastable invariant point of FCC, BCC, and HCP (TP-4), a new reaction between the HCP and high-P BCC phase originates toward high pressure. However, the metastable melting curve of the BCC phase has two turning points from the TP-3 to TP-5 before it is restabilized as a high-P BCC melting curve, which is physically unreasonable.
phase should have a large entropy. As discussed above, our analyses clearly showed that neither the HCP nor FCC phase can explain the shock wave melting temperatures. The high-pressure BCC phase on the other hand has the potential to reconcile the discrepancies between shock wave and static experiments. Further experiments under inner core pressure-temperature conditions are required to confirm the existence of this BCC phase. Figure 9 . Iron phase diagram including a hypothetical high-P BCC phase. The EoS for high-P BCC phase is taken from Belonoshko et al. [2008] , while the thermochemical parameters were assessed in this study so that the phase relations can explain the shock wave experimental data. If the entropy of the BCC phase is large compared with that of the HCP phase, the melting temperature will be increased. This diagram is not quantitative, just for the discussion of the BCC phase properties if it exists.
